Abstract. Sea surface temperature data from a shipborne radiometer were used to assess the thermal skin effect parameterization schemes of Saunders [ 1967] 
Introduction
A better understanding of the vertical gradient of temperature just beneath the sea surface would lead to more accurate estimates of the air-sea fluxes of sensible and latent heat (see, for example, Liu et al. [1979] ). The difference in temperature between the surface skin of the ocean and the subsurface water is also an important factor if radiometric measurements of sea surface temperature (SST) from satellite borne infrared radiometers are to be combined with in situ data.
In their review paper of this thermal skin effect, Robinson et al. [1984] suggest that SST data are required to within 0.2øC (for example, for flux calculations for ocean heat budgets); the skin effect can be larger than this required accuracy and must therefore be taken into account.
After observations of the skin effect were reported by Hasse [1963] , Saunders [1967] experiment, overlaid on the mean June SST field from the advanced very high resolution radiometer (AVHRR) data between 1982 and 1993. The region was chosen because it has a rich diversity of boundary layer clouds at differing heights accompanied by steady winds. The experiment combined aircraft, ship, buoy, and satellite observations.
Mean Meteorological Variables
Details of the instrumentation used on Le Suroit are given by Kent and Pascal [1992] . Mean meteorological parameters and SST were recorded as 1-min means (based on 1-Hz sampling) except for the wind speed which was a 15-min vector average from a sonic anemometer. The 15-min wind speeds were interpolated to give 1-min averages after combination with data logged from the ship's navigation system to provide true wind speeds.
One-minute average SST was measured using a trailing thermistor designed to give near-surface data. Sensible and latent heat fluxes were calculated from the mean meteorological observations using the bulk formulae of Smith [1988, 1989] . These bulk formulae predict the heat fluxes and stability using the bulk SST value, even though the skin temperature is the physically correct quantity. Only Liu et al. [1979] provide bulk formulae for use with the skin temperature, and their transfer coefficients depend on the form assumed for the neutral drag coefficient. The Smith [1988] formulation has been chosen in preference to Liu et al. [1979] because it includes the results of more recent experiments.
The use of bulk formula based flux estimates will inevitably have introduced some noise into the evaluations presented here; however, Paulson and Simpson [1981] demonstrated that the error would be small, and this can be confirmed for our data as follows.
Our results will show that the best parameterization will relate the skin effect to the cooling fluxes and the wind stress The most likely error in an estimate of the skin effect due to errors in our flux estimates would therefore be about 0.04øC.
Some parameterizations require a value for the wind stress or equivalently for the friction velocity, u,. This has been estimated from the wind speed following Smith [1988] . The friction velocity in water has been calculated from that in air by multiplying by the ratio of the density of air over that of water. The validity of this assumption, which neglects any partition of the wind stress between form and skin drag, will be discussed below (section 6).
2.4.
Conditions at the Time of the Experiment The radiometer was a self-calibrating two-channel type; its design was based on an earlier model described by Hepplewhite [1989] , which was developed further at the Rutherford Appleton Laboratory and Satellites International Ltd. (SIL) [Smith, 1991] . It was one of two identical STR 100-1 instruments built simultaneously under contract by SIL, the performance of the other instrument, belonging to the British Antarctic Survey, has been described by Thomas et al. [1995] .
The optical path of the pyroelectric detector is deflected between the radiance coming from the target (sea surface) and that from a reference blackbody at a known temperature by a chopper blade, at a frequency of 30 Hz, and by an off-axis parabolic mirror. Thus the detector alternately measures the radiances between the two sources, and the difference is taken.
Before the radiance reaches the detector it passes through one of two filters, which are centered on 11-gm and 12-gm wave bands. These were selected to be similar to that of the along track scanning radiometer flown on the ERS 1 satellite. For the SOFIA data only the 11-Bm filter was used in order to restrict the number of varying parameters within the data set. 
Thus, having used the cold and hot blackbody temperatures to calibrate the amplifier gain and offset, calculation of the radiometric SST from the detector signal requires knowledge of the reference blackbody temperature, the emissivity of seawater, and the radiometric sky brightness temperature. The steps in this calculation will be described in the following sections.
Calibration of the Radiometer
Throughout the majority of the cruise the radiometer was controlled remotely from a computer within the ship. This software logged the data and controlled the measurement cycles. Each cycle consisted of a calibration, during which the cold and hot blackbodies were viewed, followed by a period of viewing the sea surface. This process continued every 10 min, and each calibration took approximately 1 min. From initial examination of the data it was observed that anomalous jumps in the determined SST value occurred after some of the calibrations. These jumps occurred often enough to make it impractical to ignore these calibration data. To minimize the error it was found that smoothing the gain and offset (as calculated from (4)) over a period of 1 hour gave the lowest standard deviations.
During SOFIA one attempt was made to calibrate the radiometer by siting it over a stirred bucket containing water of known temperature. For these data the radiometric temperatures, calculated during the cruise, suggested that the radiometer was reading warm by several tenths Kelvin. When the radiometer data had been reprocessed, examination of the nighttime skin effect at small total heat flux also suggested that the radiometric SST was biased too high, by approximately 1.5 K. A similar bias had also been found by Thomas et al. [1995] using the identical twin radiometer to the one used in this survey. The platinum resistance thermometer (PRT) calibration coefficients used were thought to be incorrect due to the calibration procedure adopted by the •is was considered to be justified since both radiometers were built at the same time and to identical standards.
Emissivity of Seawater
The total emissivity of seawater is nearly constant for viewing angles up to 45 ø normal to the sea surface; beyond this point emissivity decreases rapidly, with a corresponding increase in reflectivity [Saunders, 1967] . The radiometer was mounted on the ship's rail at about 23 ø from the normal of the sea surface to give a clear field of view away from the ship. At this angle the main source contributing to the reflections can be assumed to be downward sky radiation reflected directly from the sea surface [Hepplewhite, 1989] .
The combined spectral response of the pyroelectric detector and the 11 I.tm filter show a minor leak centered at 20 I.tm. A range of wind speed dependent emissivity values were calculated by R. Knight from the Rutherford Appleton 
Reflected Sky Radiation
In order to estimate the part of the radiometric signal that originated from reflected longwave infrared sky radiation, an estimation of sky brightness temperature as viewed through the 11-l. t m filter was necessary. Ideally, an identical radiometer should have been mounted looking upward, or at least the radiometer used to periodically view the sky. Unfortunately, the SIL radiometer only had the capability of measuring temperature within a dynamic range of +_25 K of the reference blackbody temperature and this precluded direct sky temperature measurements. Given the data available from the SOFIA experiment it has been necessary to estimate the sky radiation correction indirectly as follows.
The sky brightness temperature (at a similar wavelength to the 11-I. tm filter in the radiometer) was estimated by using a radiative transference model [Zavody et al., 1995] applied to atmospheric temperature and humidity profiles taken from radiosonde measurements made every 6 hours during the cruise. To interpolate between these times, the estimated sky brightness temperatures were regressed against downwelling infrared measurements taken from a broadband pyrgeometer, giving the following relationship: where Tsky (K) is the sky temperature data averaged to 10-min means and IR is the downwelling infrared radiation (W m'2).
There are two main potential sources of error in this method. First, the pyrgeometer measures spectrally integrated irradiances, which vary with the atmospheric conditions in a different way to the downwelling radiance measured at a specific angle and wavelength. As an estimate of the magnitude of this error, we have used the root-mean-square scatter of the regression between the sky brightness temperature and the downwelling longwave radiation (7.9 K, equivalent to an SST error of 0.11 K). Second, the radiative transference model assumed a cloudless sky, thus our estimated sky brightness temperatures would be underestimated when cloud was present. The result would be that the estimated skin temperatures would be too high and the magnitude of the cool skin effect underestimated. The observed clouds in SOFIA were The presence of a bias in the estimates should be detectable by examining nighttime periods when the total heat flux was negligible. In that case it may be assumed that no skin effect should exist (although it should be noted that one of the skin effect formulae to be examined, the statistical model of Schl•issel et al. [1990] , predicts a value for dt at zero net heat flux of 0.3øC during the night). Daytime data are not suitable since the penetration of solar radiation into the water means that zero net heat flux does not then correspond to net heat loss from the surface skin. Unfortunately, to obtain zero net heat flux at night the longwave cooling must be balanced by a total of sensible plus latent heat flux directed into the ocean. Such stable atmospheric conditions tend to be rare over the ocean and did not occur during SOFIA. However, the data can be examined to determine the apparent behavior of the observed skin effect as the total nighttime heat flux becomes small (Figure 4) . Somewhat surprisingly, the data do not show obvious evidence of a warm bias. Nor do the comparisons of the skin effect formulae (sections 5 and 6) suggest that the measurements were significantly biased. Indeed, the bias predicted here would have made the comparison with each of the formulae significantly worse. It is suggested that a mean correction for the effect of clouds on the reflected longwave is implicit in the use of the Thomas et al. [ 1995] correction term. This correction was derived using the same radiative transfer model used here and using data from a stirred water bath which was exposed to the sky. Assuming similar average values for cloud cover and height for the Thomas et al. [ 1995] and SOFIA data sets (not unlikely over the ocean), then our estimates should not on average be biased.
Accuracy of the Radiometer Measurements
Errors arise from two separate processes, the calibration process (calibration errors) and the sampling process ,,,,,,,,,,,,,,,,,, (12)) are compared, the differences in the predictions for nighttime data (when the solar term in (12) is zero) should be due to the use of a wind stress by Saunders and wind speed by Hasse. The scatter for the nighttime data at moderate wind speeds for the two parameterizations was similar (Figure 13b) , indicating that the use of wind speed does not significantly degrade the prediction. However, the effect of using wind speed rather than wind stress would increase with wind speed and therefore might be more important at wind speeds above those present in this data set. 
Summary and Conclusions
The data emphasized the need to distinguish between the temperature deviation caused by the ocean surface skin and that due to the formation of a near surface thermocline.
Parameterizations which did not include solar radiation effects appeared to best model the surface skin effect observed during the SOFIA experiment. Solar radiation effects were observed only during periods of high solar radiation combined with very light winds, and these could be explained by the presence 
